Mechanisms of Li' stimulation of proline transport were studied in cells of Escherichia coli 7 and NR70, a mutant of strain 7 lacking adenosine triphosphatase (EC 3.6.1.3). An electrochemical potential difference of Li' induced in an inward direction of energy-depleted cells caused a transient uptake of proline, depending on the driving force provided. When proline was added to unbuffered cell suspensions under anaerobic conditions, the medium was found to be acidified only in the presence of Li' but not in the presence of Na+ or K+. This acidification was abolished by the addition of a permeant anion, SCN-, to the medium containing Li', but this was not demonstrated with cells of a mutant strain deficient in a carrier protein specific for proline. These results support the assumption that proline is taken up by a mechanism of Li+-proline cotransport in E. coli.
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With regard to the mechanism of microbial active transport of organic solutes mediated by membrane carriers, evidence has been accumulated that these solutes move across the cell membrane by coupling with monovalent cations. Sodium ion was found to be cotransported with thiomethylgalactoside (TMG) (8, 13, 14, 16) and glutamic acid (3, 7, 9, 15) . In the transport of TMG, Li' replaced Na+ and was assumed to be cotransported with substrate (8, 13, 16) .
The previous papers of the authors described the stimulation by Li' of proline transport in cells of a wild strain of Escherichia coli K-12, which was rather specific for Li' (5, 6) . However, the mechanism of Li' stimulation was not elucidated. This report describes further the properties of Li' effect and presents evidence for Li+-proline cotransport in cells of E. coli.
MATERIALS AND METHODS
Bacteria. E. coli 7 and NR70 were provided by B. P. Rosen. Strain NR70 is a mutant of strain 7 lacking adenosine triphosphatase (EC 3.6.1.3) (10) . E. coli ML308 proT is a spontaneous mutant of ML308 defective in proline transport (4) and was made available to this study by F. M. Harold. These strains were grown aerobically at 370C on a minimal medium (2) supplemented with 0.2% glucose as the carbon source with exception of 0.4% glucose for growth of strain NR70. Cells were harvested at an optimal density of 0.35 absorbance units at 560 nm.
Transport assay method. Harvested cells were washed twice, suspended in 10 mM Tris-hydrochloride buffer (pH 7.5) containing 10 mM MgCl2, and used for assay of ['4C]proline transport as described previously (5, 6) . A final concentration of 10,uM [ (Fig. 2) . The level of the control was calculated to be 25.9 ,uM, which was 2.6 times greater than the outside concentration, when the cellular water space was taken as 2.55 ml/g, dry weight, of cells (12) . This control level was similar to that of Na+-TMG cotransport (16) .
When only the chemical gradient of Li' (ApLi) was induced by incubating the cells at pH 8 in the absence of Li' and, by subsequent dilution into a medium containing 0.1 M Li', proline transport was enhanced 2.6-fold at the maximal level from the control and was 6.8 times greater than the concentration in the medium (Fig. 2) .
In the next experiment cells were equilibrated at pH 6.0 by incubation for 10 min in the presence of CCCP and then diluted 100-fold into a medium at pH 8, while the concentration of Li' was maintained to be equal on both the inside and outside of the cell. It would be expected that this condition would result in outward movement of protons via CCCP to generate a membrane potential, making the inside negative. This would provide an electrical driving force (A4') for the inward movement of Li', and actually a 3.5-fold increase in proline accumulation compared with the control (9.1 times the outside concentration) was observed under this condition (Fig.  2) (16) . To test whether the same phenomenon would be the case in Li+-stimulated proline transport, we followed the change in the external pH of an anaerobic cell suspension of strain 7 in the presence of monovalent cations (Fig. 3) . The suspension was bubbled continuously with nitrogen gas until pH changes reached a steady state. The addition of an anaerobic proline solution re- sulted in an enhanced acidification in the presence of LiCl but not in the presence of NaCl or KCl (Fig. 3) .
The addition of KSCN to a cell suspension containing LiCl abolished the proline-induced acidification (Fig. 4b) . This could be explained by a reduction due to the entry of lipid-soluble SCN-, of the membrane potential caused by Li+-proline cotransport, which resulted in a decrease in proton exit. The addition of proline to a cell suspension of ML308 proT lacking a prolinecarrier protein failed to cause acidification of the medium in the presence of LiCl (Fig. 4c) .
Effect of PCMBS on the stimulatory effect of LiW. It was demonstrated with cells of E. coli K-12 that the addition of 0.5 mM p-chloromercuribenzene sulfonate (PCMBS) to the cell suspension completely abolished the effect of Li+ to stimulate proline transport without affecting the basal transport in the absence of Li+ (6). This result was confirmed with cells of strains 7 and NR70 (data not shown), although the effective concentration of PCMBS was different: 0.5 mM in strain 7 ML308 proT cell suspension in the absence of SCN- cotransported with TMG (8, 13, 14, 16) in E. coli and Salmonella typhimurium and Na+ is cotransported with glutamate (3, 9, 15) in E. coli.
Although Li' affected TMG transport more effectively than Na+, the mechanism of Li' in stimulating TMG transport was found to be identical (8) to that of Na+ for the same transport system (14) .
The previous studies of the authors (5, 6) on the Li' effect stimulating proline transport by whole cells of E. coli K-12 showed that (i) the effect was rather specific for Li'; (ii) the effect was synergistically enhanced in the presence of carbon sources; and (iii) the transport stimulated by Li' was completely abolished by 0.5 mM PCMBS without affecting its basal level.
In the present studies, cells of strain NR70, an ATP-negative mutant of strain 7 (10), were found to have a property similar to a wild strain of E. coli K-12 (6) concerning the effect of cations on proline transport ( Fig. 1; Table 1 ). Based on the finding that carbon sources with Li' synergistically enhanced the transport of proline (6) , it was assumed that a Li' gradient on the transport could be generated by proton-lithium (or sodium) antiport which was demonstrated in E. coli by West and Mitchell (17) and others (1, 11) . The experiment was thus designed to provide conditions such that proton and Li' would move in opposite directions as described for the Na+ (or Li+)-TMG cotransport system (8, 16) . The results shown in Fig. 3 and 4 were consistent with the assumption that proline would enter the cell with Li' to reduce the membrane potential (inside positive), resulting in exit of H+. This was supported by the facts that the presence of SCN-, a lipid-soluble permeant anion, inhibited proton exit and that proton exit in the presence of Li' was not detectable with cells of ML308 proT lacking a proline carrier protein (Fig. 4) .
In this paper, evidence was presented indicating the presence of a proline:Li+ symport and an H+:Li+ antiport. A problem raised from our results is that, while Na+ stimulated proline uptake 50% of that observed with Li', no pH change of the medium containing Na+ was found on proline addition. Since an H+:Na+ antiport system is present in E. coli cells (1, 11, 18) , an acidification of the medium containing Na+ should be detected when proline is added. The reason why this was not observed in cells of strain 7 is not known at the present time. One of possible assumptions is that the stimulating effect of Li+ on proline transport was highly reproducible with any type of E. coli K-12 cell, but that of Na+ was sometimes undetectable. The other explanation might be possible if the Km for Li' is assumed to be simply fortuitously lower than Na+. With regard to the physiological significance of Na+ versus Li', it is perhaps still possible that Na+ rather than Li+ is the ecologically significant cation. Further studies are therefore required to elucidate the physiological significance of the monovalent cations on proline transport in E. coli.
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